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Global Positioning System (GPS) measurements were made to estimate the crustal deformation strain rate for the
Deccan trap region, western India. Estimated horizontal velocity vectors in ITRF96 are in the range of 40–60 mm/yr
with an average of 51mm/yr in N47◦E. Using the horizontal components of the velocity vectors, strain field has been
estimated by the Least Square Prediction (LSP) method. An extension is observed along the west coast and south
of Koyna and Warna reservoirs, transcending in to a region of compressive regime towards the interior of the shield
area. The west coast geothermal province coincides with the extension regime. The collision between India and
Eurasia is likely cause for compression regime. The results are discussed in conjunction with the seismo-tectonics
of the study region.
1. Introduction
The Deccan trap region of western India generally con-
sidered as a seismically stable continental region (SCR),
has been experiencing significant level of seismicity in the
past two decades including the devastating Latur earthquake
(M6.3) of 29 September, 1993 (Gupta, 1993; Seeber et al.,
1996). This occurrence in the Central Indian shield has led
to serious introspection among geo-scientists and motivated
the Department of Science and Technology, Government of
India, to sponsor the programme ‘Seismological upgrada-
tion and related studies in peninsular Shield’. Under this
programme, to estimate the crustal deformation, a 73 site
GPS geodetic network, distributed in an area of 200 × 350
km2 (shaded region in the inset of Fig. 1) has been designed.
The first campaign started during January, 1995. However,
in this study, to get preliminary idea on nature of velocity
and strain fields, we have used the GPS data collected from
3 campaigns during 1997–1999 at 21 alternative sites in the
selected 73 site GPS network.
Apart from the GPS technique, other geological and geo-
physical data like earthquake focal mechanisms, well bore
breakouts, in-situ stress measurements (hydraulic fracturing
and over coring), young geologic data etc. are used to infer
the tectonic stress distribution. While giving first and second
order lithospheric stress patterns, Zoback (1992) explained
these methods. Using borehole breakouts, hydraulic fractur-
ing stress measurements, and earthquake focal mechanisms
Gowd et al. (1992) evaluated tectonic stress field for Indian
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subcontinent. Their results indicate that, the stress pattern
in Indian subcontinent including peninsular shield is being
compressionally stressed in a NNE-SSW direction. Using
317 published focal mechanisms (only 7 from Peninsular
India) Rajendran et al. (1992) derived the state of stress in
the Indian subcontinent. Their results indicated orientation
of S (Hmax) in Peninsular India in the N-S to NNE-SSW
direction.
In India, first GPS measurements were made in 1994 un-
der the South India Strain Measuring Experiment (SISME)
(Gaur, 1994) which was mainly designed to determine
whether strain related to microseismicity in the past century
may have deformed the networks of the 19th century Great
Trigonometrical Survey of India (GTS). The SISME results
are reported by Paul et al. (1995). During this time an IGS
site at the Indian Institute of Science (IISC), Bangalore was
commissioned. During 1995, the National Geophysical Re-
search Institute (NGRI), Hyderabad, also started a permanent
GPS station. The present study is not a part of SISME.
2. Regional Tectonics
The Indian plate region is broadly divided into three re-
gions viz. theHimalayan front in the north, the Indo-Gangetic
Plains (IGP) and the Peninsular shield further south. Hi-
malayan orogeny is believed to be amanifestation of collision
between India and Eurasia plates. The IGP is a foredeepwith
alluvium and sediments. South of IGP is the Indian Penin-
sular shield which is a mosaic of various cratons bordered
by paleo-rift valleys. Geological map of India with various
cratonic divisions bordered by rift valley zones is given by
Goodwin (1991).
The Indian shield is a Stable Continental Region (SCR)
with low seismicity level similar to Australian and North
American shield regions. Well documented historical earth-
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quake data from1340 to 1983 has been analysed and reported
in Rao and Rao (1984). However, considerable seismic ac-
tivity has been observed during the last few decades. The
Latur earthquake of 29 September, 1993 (Gupta, 1993) is
considered to be most devastating SCR earthquake claiming
more than 11,000 lives. The most recent one occured on
5 September, 2000 (M5.2, Long. 73.8E, Lat. 17.3N).
One of themost important geological features in the penin-
sular shield is the Deccan Volcanic Province (DVP) (see
Goodwin, 1991; Gowd et al., 1996). A major magmatic
event gave rise to the DVP (Naqvi and Rogers, 1987) and
is the largest lava flows in the world and spreads to about
500000 sqkm. This region is characterised by many hid-
den tectonic features and complex geophysical signatures.
The western margin parallel to the west coast fault and the
Panvel flexure axis (Arora and Reddy, 1991) along the west
coast, is characterized by high uplift and/or subsidence, rela-
tively large deformation, magmatism, high heat flow and hot
springs and considered to be mobile relative to the Dharwar
craton (Raval, 1995). Hereafter we refer this zone as West
Coast Geothermal Province (WCGP). Madagascar and the
Seychelles-Mascarene blockmay have existed along thewest
coast before being broken away from the mainland (Singh
andMall, 1998). The earthquakes of this region are primarily
intra-plate earthquakes caused by crustal faults and vertical
movements of crustal blocks (Kailasam, 1993).
The seismicity of the Indian shield, as evidenced by his-
torical as well as instrumented data indicates that 80% of in-
traplate earthquakes are confined to some linear belts, while
the remaining are scattered over the rest of the Indian shield
(Gowd et al., 1996). One such linear belt is theWCGPwhich
is the most seismically active linear belt in the Indian shield.
The Peninsular India has been an area of increased earth-
quake activity and this activity appears to be increasing from
continental nuclei to towards peripheries formingmoderately
active seismic zones (Rao and Rao, 1984).
The WCGP is considered one of the most important tec-
tonic features in theDVP. Sharp gravityfield gradients (from
−50 mGal to−110 mGal) along the west coast (Kailasam et
al., 1972), concentration of hot springs with high flow along
WCGP (Raval, 1995; Ravi Sankar, 1988) with concentration
of internal currents (Arora and Reddy, 1991) supplement
to the anomalous nature and thermo mechanical behaviour
of DVP. The study region also includes the Koyna-Warna
region, a typical site of Reservoir Induced Seismicity (RIS)
which has been experiencing earthquakes for the last 37 years
(Gupta, 1992), and the Jawhar-Wada region with recently re-
ported seismic activity.
3. Monumentation and Observation Procedure
Exposed bed rocks were chosen with unobstructed view
of the sky and with non reflective environment as GPS sites.
About 1 cm diameter and 6 cm deep hole was made and a
stainless steel pin (nonmagnetic pins were used to enable ab-
solute total magnetic field measurements for piezo-magnetic
studies in coming years) of slightly less than that of above
dimension was driven along with the adhesives. A fine dot
of 0.5 mm is made on the pins to aid accurate measurements.
These monuments which were made on vast expanses of bed
rocks are considered to have least site instabilities.
FiveWILD SR-299 nine channel dual frequency receivers
were used in re-occupationmode. Microstripped omni direc-
tional (with 9 cm internal ground plate) GPS antennas were
placed over the marks using tripods. The strategy of occupy-
ing the sites was such that the subsequent sessions contain at
least one baseline common (known as frog leaping method)
to enhance the precision and reliability of the network. The
observations were made in eight 3-day sessions. At each
site 36 hours of data have been collected for three campaigns
during 1997–1999. To minimize the effects of troposphere,
for each campaign, the data has been collected during winter
when the humidity is very low. The sampling interval and el-
evation were fixed at 30 sec and 15◦ respectively throughout
the survey.
4. GPS Data Analysis
The GPS data were organised into 24 hours segments cov-
ering a UTC day to facilitate the combination of data from
some of the surrounding IGS sites; IISC, DGAR, BAHR,
KIT3, LHAS, YAR1 to constrain the site co-ordinates. Then
the data were processed using the GAMIT software devel-
oped at MIT and SIO (King and Bock, 1991) to produce
estimates and an associated covariance matrix of station po-
sitions for each session with loose constrains on the param-
eters. To get a combined solution (site positions and ve-
locities), all such covariance matrices are input to GLOBK
which is a Kalman filter. The basic algorithms and a descrip-
tion of this technique are given inHerring et al. (1990) and its
application to GPS data is in Feigl et al. (1993). By introduc-
ing global h-files, we have obtained coordinates and velocity
vectors at each site in the ITRF96 reference frame (Boucher
et al., 1998). Figure 1 shows the horizontal component of
the velocity vectors with 95% confidence error ellipses. The
horizontal components of these velocity vectors are further
used to estimate the horizontal strain field by Least-Squares
Prediction (LSP) method which is discussed below.
5. Least-Squares Prediction Technique
The Least-square prediction technique (LSP) has been de-
veloped by Moritz (1980) for the reduction of gravity data,
and was applied to the crustal deformation data by Fujii and
Xia (1993), and El-Fiky et al. (1997). The method is a corol-
lary of the Least-Squares Collocation technique (LSC). The
method was discussed in detail in El-Fiky et al. (1997) and
in El-Fiky and Kato (1999). In the present study, the outline
of the method is explained and the results of its application
to the present field of study are shown.
In the LSP, the crustal deformation data l is assumed to be
composed of systematic errors, tectonic signal t and noise n
so that it is expressed by the following observation equation;
l = t+ n. (1)
Here we assume that there is no systematic error in the data.
In the daily solution of GPS dense arrays, systematic base-
line biases are removed in the daily baseline analysis, so that
the resultant coordinatesmay be assumed to be free from sys-
tematic errors. Thus, the problem is to extract the signals at
any location from l by some filtering technique, considering
that the noise (n) is limited to only the site or adjacent local
regions, and tectonic signals may have rather wider spatial
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Fig. 1. Observed (red) and calculated (blue) horizontal velocity vectors at
21 sites in Deccan Valcanic Province, western India (shaded portion in
the inset). The velocity vector for IGS site IISC (Bangalore) is shown in
the inset.
correlations in nature (El-Fiky and Kato, 1999). Variance-
covariance analysis of data is a good measure to find such
spatial correlation. If we assume that thefield is isotropic and
homogeneous, the covariance of data is only a function of site
distance “d” (e.g., El-Fiky et al., 1997). Such a function may
be fitted by a simple mathematical function. Then we can
reconstruct the signal at any arbitrary grid points (S) using
this as such a fitted function, which is called the Empirical
Covariance Function (ECF) (e.g., El-Fiky and Kato, 1999).
We used a Gaussian function Cl(d) = Ct (0) exp(−k2d2),
as ECF, where Ct (0) and k are constants. Two parameters
Ct (0) and k are estimated from a covariance plot of the data.
Ct (0) is the expected variance at the observation station and
Cn(0) = Cl(0)−Ct (0) is considered as the noise component
at the site. Finally, the defined Gaussian function Cl(d) is
used to composeCst , the covariance matrix between the data
points and other grid points where signals are to be estimated.
Once such ECF is obtained, we can estimate signal S at any
arbitrary location by the following equation (El-Fiky et al.,
1997):
S = CstC−1l l. (2)
To estimate the crustal strains in GPS data for the period
(1997–1999), we used horizontal velocity vectors shown in
Fig. 1. The averages of velocities in the NS and EW compo-
Fig. 2. Distribution of dilatational strain rate calculated from the velocity
field shown in Fig. 1.
nents are subtracted separately from all of the site velocities
to remove the systematic bias. Then, we applied the LSP
as described above to each of the vector components (East-
West and North-South) independently. ECF for each of the
components are fitted to the data. Then, ECFs are used to
reconstruct displacement vectors (signal) at gridded points
(7 km× 7 km) of the studied region. Then estimated veloc-
ities at grid points are differentiated in space to obtain total
crustal strains in this data period. Figures 2, 3, and 4 are the
thus estimated dilatational strains, maximum shear strains,
and directions of principal axes of strains, respectively.
6. Results and Discussion
The magnitude of the horizontal velocity vectors in
ITRF96 is in the range of 40–60 mm/yr with an average of
51 mm/yr in N47◦E. The associated errors are about 3 mm
and 2 mm in east and north components, respectively. The
observed horizontal velocity vectors with error ellipses are
shown in Fig. 1. In magnitude and the direction, the veloc-
ity vectors are comparable to IISC IGS site (inset of Fig. 1).
The estimated average dilatational strain is about 0.4 micro
strain/yr (Fig. 2). The average shear strain is also about 0.4
micro strain/yr (Fig. 3). The principal axes of strains shown
in Fig. 4 indicate an extensional strain regime along the west
coast and south of Koyna andWarna reservoirs, transcending
into a region of compressive strain towards the interior of the
shield area. These features also seen in the dilatation strain
distribution in Fig. 2. The axes of compression swing from
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Fig. 3. Distribution of maximum shear strain rate calculated from the
velocity field shown in Fig. 1.
EW to NS direction with increase in latitude.
The strain pattern in the study area seems to reflect the
transmitted stressfield due to the northward continental colli-
sion between the India and Eurasia plates along the
Himalayan arc. The axes of stress (SHmax) by Chandra
(1977), Cloetingh and Wortel (1985), Rastogi (1992), Gowd
et al. (1992), Rajendran et al. (1992) in NS toNNS directions
indicate that the stress field generated by the above process
has affected the entire peninsular shield and that the plate
driving forces are mainly responsible for the observed tec-
tonic stress field (Gowd et al., 1992; Talwani and Rajendran,
1991). The pattern of principal axes of compressive strain
shown in Fig. 4 fit into the above concept. The tendency of
these axes to swing from EW to NS direction indicates that
towards north the region is more influenced by the India and
Eurasia collision.
The extension regime coincides with WCGP. The NS
trending parallel faults along WCGP were developed dur-
ing the Quaternary period (Gubin, 1969), due to unequal
upliftment of the western margin. These faults are seen
to be a source of stress accumulation and a site of normal
faulting resulting in EW extension due to block adjustment
along the NS planes. In such regions, buoyancy-derived
extensional stresses dominate the compressional stress field
(Zoback, 1992). From simple physical models, England and
Molnar (1991) calculated such forces and found that they
can be of the same order as plate driving forces. In WCGP
region, magnitude of such forces must be much higher as
Fig. 4. Principal axes of strain at GPS sites corresponding to the dilata-
tion strain rate shown in Fig. 2. Blue and red lines indicate the axes
of compressional and extensional strain rates respectively. The axes of
compression and tension (in black) at the sites with open circles are based
on fault plane solutions (Rastogi, 1992).
they have to first nullify the compressive forces from plate
driving forces and show up significantly.
The high dilatational strain field south of Koyna-Warna
reservoir correlate with NW-SE trending fault system inter-
secting the major NNE-SSW to N-S feature. The fault plane
solutions south of the study region (particularly near Koyna)
by Scheidegger and Padale (1982) and Rastogi (1992) cor-
roborate the directions of the principle axes of strain shown in
Fig. 4. The fast velocity direction inferred from shear-wave
splitting measurements and teleseismic time-term analysis
(Rai et al., 1992) also correlate with principal axes of strain.
Along the coast, the region of high shear strain seems to
follow the lineament along which the gravity field abruptly
changes from −50 mGal to −110 mGal.
7. Conclusions
Velocity vectors (in ITRF96) obtained from 3 GPS cam-
paigns during 1997–1999, indicate that the magnitude of the
horizontal velocity of DVP is in the range of 40–60 mm/yr
with an average of 51mm/yr in N47◦E. The estimated dilata-
tional strain and shear strain are both about 0.4micro strain/yr
in average. An extensional strain regime is observed along
the west coast and south of Koyna and Warna reservoirs,
transcending into a region of compressive strain towards the
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interior of the shield area. The extensional strain regime co-
incides with the WCGP and intersecting fault system south
of Koyna-Warna reservoirs. And the compressional strain
regime could possibly be correlated with the India-Eurasia
collision forces in the NS to NNE-SSW direction. The prin-
cipal axes of the strains correlate with the SHmax directions
obtained from other techniques such as borehole breakouts,
hydraulic fracturing stressmeasurements, and earthquake fo-
cal mechanisms. No rigorous quantitative analysis is given
as the density of the sites is not adequate. The exceptionally
high values of strain rates particularly SW corner and east of
the study region may be due to insufficient data for LSP and
not to be taken into serious consideration.
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